Ul RNAE were isolated from P.polycephalum microplasmodia nuclei and sequenced. A P.polycephalum gene coding for 01 RNA was also isolated. The coding region of this gene differs at 3 positions compared to the isolated Ul RNA species. Both isolated RNAs and the gene encoded RNA can be folded according to the secondary structure model previously proposed for Ul RNA. Putative regulatory elements very similar to those required for efficient transcription of U RNA genes from vertebrates, in particular, the -200 distal enhancer element, are present in the flanking regions of this gene. The presence of several Ul RNA genes in P.polycephalum was confirmed by Southern blot analysis of genomic DNA. In contrast to yeast S.cerevisiae Ul RNA, P.polycephalum Ul RNAs have a length similar to that of Ul RNAs from higher eukaryotes. Nevertheless, P.polycephalum Ul RNAs probably differ from these RNAs in the 5'-terminal segment supposed to base-pair with the 5'-end of introns . The results are discussed taking into account phylogenetic evolution and fonctional role of Ul RNA.
INTRODUCTION
The metabolically stable nuclear Ul, U2, U4, U5 and U6 RNAs have been found to play a role in mRNA splicing (for review see (1) ).
The primary structure of Ul RNA has been determined for a large variety of higher eukaryotes, either by sequencing the RNA (Hela cells, rat, chicken (2) ; Drosophila (3)) or by sequencing the genes ( Xenopus laevis (4), sea urchin (5) Phaseolus vulgaris (6)). A high degree of sequence conservation was observed, especially for the 5'-terminal region and for the protein binding domain (7) . As yet, only one Ul RNA from a lower eukaryote has been sequenced, that of the yeast S.cerevisiae (8, 9) . This RNA strongly differs from that of higher eukaryotes.
Except for U6 RNA (10, 11) , the snRNA genes are transcribed by RNA polymerase II and are characterized by the absence of the classical TATA and CAAT boxes (12, 13) . Sequence comparison of the flanking regions of Ul (4, (14) (15) (16) (17) (18) and U2 RNA genes (19) (20) (21) (22) from higher eucaryotes has revealed the presence of conserved nucleotide sequences in vertebrate U RNA genes. These ©IRLPresssequences correspond to regions essential for correct transcription initiation or for 3'-end formation (for a review see 23) . Two distinct evolutionarilly conserved regions have been observed in the 5'-flanking region. A proximal region centered between nucleotides -50 and -60 from the 5'-end of the coding region, which appears to be functionnally analogous to a TATA box and a distal region near position -200, which has the properties of an enhancer (23) . A conserved sequence is essential for correct 3'-end formation, it is found 8-19 nucleotides downstream from the coding region (23) . Except for Droaophila, (16, 22) , there is little information about transcription signals in U RNA genes from invertebrate species. Some Ul RNA genes should have additional regulatory elements since they were found to be subjected to developmental control : while mice Ula RNA is synthesized in all tissues, mice Ulb RNA is only synthesized in fetal tissues and in a few adult tissues (24) . Another exemple of developmental regulation was observed in X.laevis, where some Ul RNA genes are transcribed during early oogenesis, while others are transcribed during early embryogenesis (25) .
Furthermore, in addition to the true expressed bona fide U RNA genes, a large number of non expressed U RNA pseudogenes were isolated (26) .
We report here the characterization of two Ul RNAs and one Ul RNA gene from the slime mold P.polycephalum. The results obtained are discussed in the light of our present knowledge of Ul RNA gene expression and of Ul RNA function and evolution.
MATERIALS AND METHODS 1. Isolation of P.polycephalum Ul RNA Nuclei were isolated from P.polycephalum strain M3C VIII micro-plasmodia (27) , following the procedure described by Mohberg and Rusch (28) . Nuclear RNAs were isolated by two successive phenolic extractions of the nuclei at 4°C in lOOmM NaCl, lOmM Tris-HCl buffer pH 7,6
as previously described (29) and were fractionated on a 15-30 % sucrose gradient in the same buffer. U RNAs were immunopurified from the 4S-8S RNA fraction using antibodies specific for m3G as described by Krol et al., (30) . They were then purified by electrophoresis on 15 % polyacrylamide gel, in the presence of 8M urea.
2. RNA sequencing i) Chemical method : the chemical degradation method of Peattie (31) was applied to 3'-end labeled molecules. Labeling was achieved using (5'-p) pCp and T4 RNA ligaee (32) . ii) Reverse transcriptase method : a 31raer oligonucleotide complementary to the central region of Ul RNA was chemically synthesized (Pharmacia DNA-synthesizer), 5'-end labeled and used as a primer for RNA sequencing with reverse transcriptase according to Hu Qu et al., (33) .
Molecular cloning
The P.polycephalum genomic DNA library was constructed by Wilhelm and Wilhelm (34) by insertion of EcoRI fragments generated by complete digestion of the genomic DNA into the X gt WES arms. Transfer of \ plaques to nitrocellulose filters, was done according to Maniatis et al., (35) .
Filter Hybridization using 3'-end labeled Ul snRNA or 5'-end labeled oligonucleotide was performed overnight at 37°C, in 50 % formamide, 5 x SSC, the filters were then washed 3 times in 2 x SSC at 37°C. Dot blot selection of H13mp9 single-stranded recombinant phages containing fragments of the gene was performed using the same hybridization conditions.
Southern blot analysis
Southern transfer of DNA to nitrocellulose was achieved according to
Maniatis at al., (35) . M13mp9 recombinant DNA was labeled by nick translation with (°<-p ) dATP using the B.R.L. kit.Pre-hybridization and hybridization conditions were those of Wahl et al., (36) modified by Leary et al., (37) , except that filters were washed several times with 5 x SSC at 60"C and that dextran sulfat was omitted during hybridization.
Recombinant DNA technology and DNA sequencing
The general procedure used for recombinant DNA technology were as described by Maniatis et al., (35) . DNA segments to be sequenced were subcloned into phage M13mp9 and sequenced with the chain termination dideoxy method of Sanger et al., (38) .
RESULTS

Isolation and sequence analysis of P.polycephalum Ul RMAs
Nuclei from P.polycephalum raicroplasmodia were prepared and the nuclear snRNAs were isolated as described in Materials and Methods. They were then 3'-end labeled and fractionated by electrophoresis on a 15 % polyacrylaraide gel, in parallel with rat U snRNAs. A clear pattern of discrete species was obtained (Fig.l) , but due to differences in electrophoretic mobilities, it was not possible to assign the various P.polycephalum RNA species to their rat counterparts. Figure 1 were analyzed, only bands denoted 3 and 4 were found to correspond to Ul RNA and the corresponding RNAs were denoted Ul-1 and Ul-2 RNAs. Their nucleotide sequences were analysed by combining the results of two approaches : i) determination of the structure of the 3'-half of the molecule using the chemical RNA sequencing method (31) applied to the 3'-end labeled molecule, ii) determination of the structure of the 5'-half of the molecule using both the chemical method and the reverse transcriptase method developed by Hu Qu et al., (33) . The oligonucleotide used as a primer is indicated in Figure 2 .
The sequence at the extreme 5'-end of the molecule was difficult to solve. Reverse transcriptase stopped completely after an adenine residue.
In all other Ul RNAs, this adenine residue is located at position 7 as referred to the 5'-end of the molecule. Since this adenine residue is always preceded by pyrimidine residue, one possible explanation for the Therefore, combination of the two sequencing approaches -allowed us to determine the primary structures of Ul-1 and Ul-2 RNAs, except for their extreme 5'-ends ( Fig. 2) . The sequence of Ul-1 and Ul-2 RNAs are almost identical and only differ by an additional uridylic acid at the 3'-end of Ul-1 RNA. In order to complete the nucleotide sequence determination we decided to clone a Ul RNA gene. Figure 3 : Reprefentation of the various DRA fragments which have been used for 01 RNA gene sequence determination. The 7kb fragment isolated from the recombinant phage was digested by Sau3A and Alul nucleases and the resulting DNA fragments were inserted in H13mp9 DNA. A recurrent approach was used to select among the various phages obtained those having inserted segments corresponding to the coding region or flanking region. Five phages were selected in this way, the fragments they contained were subjected to sequence analysis. Arrows indicate the DNA strand which has been sequenced. The EcoRI 7Kb fragment is also represented on this Figure, with the Ul coding region in full line and the orientation of transcription. Fragment 5 was subcloned in pUC19.
2. Isolation and sequencing of a P.polycephalum gene for Ul RNA A genomic library which had been constructed by total digestion of the genoraic DNA with EcoRI and insertion into phage X (34) was screened using the 3'-end labeled Ul RNA as a probe. Of the 80 000 plaques screened 3 hybridized to the probe, and were plaque purified. The three phages were all found to contain a 7Kb EcoRI fragment of genomic DNA and gave the same pattern of digestion with BamHI, and Hindlll enzymes, suggesting that they carried identical genomic fragments. The 7Kb EcoRI fragment of one of the recombinant phages was fractionated on agarose gel, and subjected to partial digestion with Sau3A nuclease and total digestion with Alul nuclease. The mixture of Sau3A or Alul fragments was used for ligation in M13mp9 DNA cleaved with BamHI or Hindu nuclease, respectively. JM103 competent cells were transformed and the phages containing Ul RNA complementary sequences were selected by hybridization with the synthetic oligonucleqtide probe represented in Figure 2 . Phages isolated in this way were then used to select by successive hybridization steps a series of recombinant phages containing fragments from the coding and flanking regions of the Ul RNA gene (Fig. 3) . Nucleotide sequence of the fragments inserted in these phages was determined using the dideoxychain-termination method of Sanger et al., (38) . The primer used was either the commercial AMERSHAM primer or the oligonucleotide used for RNA sequencing. In this way, as shown in Figure 3 , most of the sequence, of the coding region and of the 3' and 5 1 flanking regions were determined on both strands. Fig 3) . As can be seen on Therefore it might be that some of the weaker bands observed correspond to genes having regulatory elements similar to those of Ul RNA gene, for instance other U snRNA genes.
The secondary structure of rat Ul RNA has been previously studied by different approaches and a model verified by phylogenetic studies has been established for Ul RNA (2,3). As shown in Figure 5 , this model fits well with the sequence determined for P.polycephalum Ul-1 and Ul-2 RNAs, as well as, with that of the RNA encoded by the gene. The base substitutions observed in the DNA do not disturb the potentiality for secondary structure formation of the encoded RNA. On the contrary, in hairpin II, a GU pair in the isolated RNA is replaced by a more stable GC pair in the RNA encoded by the gene. , f and g ). The digestion products were fractionated on a 1 % agrose gel, transfered to nitrocellulose and hybridized with the nick-translated fragment 5 (Fig.3) . The amount of X phage DNA loaded in lanes a, b and c have been choosen taking into account P.polycephalum genomic DNA molecular weight, the amount of DNA loaded in lanes d, e,f and g and Xrecombinant molecular weight. In lanes a, b and c, amounts of the 7 Kb fragment correspond to 3 ; 1,5 and 0,3 copies in the genomic DNA, respectively.
Comparison of P.polycephalum Ul RNA with Ul RNAs from higher eukaryotes,
Ul RNA evolution Both the isolated RNAs and the RNA encoded by the gene display a high degree of sequence conservation compared to Ul RNAs from higher eukaryotes, for instance 58 % homology with rat or human RNA. This is very similar to the degree of homology found between Tetrahymena pyriformis and rat U5 RNAs: 57 % (39). On the basis of primary structure comparison, P.polycephalum Ul RNA has a slightly higher homology with bean Ul RNA (6) than with vertebrate Ul RNAs : 62 % against 58 %, respectively. The homology between mold and plant RNA is more pronounced when comparison is made at the level of the folded molecules. On the other hand, P.polycephalum and animal RNAs display a large block of homology in the stem of hairpin III (Fig.5) .
As can be seen in Figure 5 , nucleotides conserved in all Ul RNA species are concentrated in different areas of the molecule. The primary © (D Figure 5 : Secondary structure of the isolated P.polycephalum 01 RNAs : The structure was derived from that previously established from rat and Drosophila RNAs (2,3). The sequence is that of the isolated ul-1 RNA, nucleotide differences in the DNA sequence are indicated by circled nucleotides, N represent undetermined nucleotides. Invariant nucleotides in human, rat, chicken, X.laevia, sea urchin, Drosophila, common bean and P.polycephalum RNAs are boxed with full line, the structure boxed with dashed lines is common to all these RNA species except common bean. Hairpin structures and single-stranded sequences have been numbered according to 47. structure conservation is essentially located in single-stranded regions rather than in double-stranded regions. Only the 3 base-pairs at the top of hairpin IV are conserved in all sequenced species, the bottom of the stem of hairpin III being highly conserved except in plant RNA. Whereas, as previously observed for higher eukaryotes (2,3), the primary structures of the top loops of hairpin I and II and of the single-stranded region denoted But there is no evidence that these sequences correspond to true genes.
DISCUSSION
We have isolated and sequenced two Ul RNA species from microplasmodia of P.polycephalum. They were found to differ by one additional nucleotide at the 3'-end of the largest one. Such 3'-terminal heterogeneity due to imprecision in the maturation process, was frequently observed in U4 and U5
RNAs from higher eukaryotes (46, 47) and was also observed in Ul RNA from Drosophila (48) .
He have also cloned and sequenced a P.polycephalum Ul RNA gene. The (26), none of the examined sequence was found to display all the characteristics we observed for the p.polycephalum gene, either the -250 element was absent or the coding region was severely mutated without conservation of the secondary structure of the putative transcript.These observations suggest that the isolated P.polycephalum Ul RNA gene may be a bona fide gene coding for a variant RNA.
Coexpression of several variants in a given tissue is particulary freguent for U5 RNA (39) , in the case of Ul RNA the expression of variants was found to be developmentally regulated (24, 25) . The possibility that the isolated gene is expressed differentially during P.polycephalum life cycle should be considered in connection with the fact that a developmental switch occurs during P.polycephalum life cycle, when amoeba are converted to plasmodia (49) . There are characteristic morphological and cytological differences between amoebae and plasmodia. These differences are associated Additional experiments are presently carried out to clarify this important point.
CONCLUSION
The present results open very interesting questions and it will now be interesting to clone and sequence other P.polycephalum Ul RNA genes and to study the expression of these different genes at different stages of the life cycle. On the other hand, the present results demonstrate that Ul RNA which is an essential element of the splicing machinery has been highly conserved from lower eukaryotes to man. This observation and the fact that the classical GT-AG intron boundaries are also conserved in P.polycephalum genes (52-54) strongly suggest that splicing machinery is very anscient and has been strongly conserved in the course of eukaryotic evolution. The yeast S.cerevisiae which has a completely different Ul RNA is probably a special case among lower eukaryotes.
Finally the present results bring another important information concerning U r«NA genes. Sequence conservation are observed at the level of coding region but also at the level of the peculiar regulatory elements of these genes.
